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Genetic recombinationYellow head virus (YHV) is a highly virulent pathogen of Penaeus monodon shrimp. It is one of six known
genotypes in the yellow head complex of nidoviruses which also includes mildly pathogenic gill-associated
virus (GAV, genotype 2) and four other genotypes (genotypes 3–6) that have been detected only in healthy
shrimp. In this study, comparative phylogenetic analyses conducted on replicase- (ORF1b) and glycoprotein-
(ORF3) gene amplicons identiﬁed 10 putative natural recombinants amongst 28 viruses representing all six
genotypes from across the Indo-Paciﬁc region. The ∼4.6 kb genomic region spanning the two amplicons was
sequenced for three putative recombinant viruses from Vietnam (genotype 3/5), the Philippines (genotype
5/2) and Indonesia (genotype 3/2). SimPlot analysis using these and representative parental virus sequences
conﬁrmed that each was a recombinant genotype and identiﬁed a recombination hotspot in a region just
upstream of the ORF1b C-terminus. Maximum-likelihood breakpoint analysis predicted identical crossover
positions in the Vietnamese and Indonesian recombinants, and a crossover position 12 nt upstream in the
Philippine recombinant. Homologous genetic recombination in the same genome region was also
demonstrated in recombinants generated experimentally in shrimp co-infected with YHV and GAV. The
high frequency with which natural recombinants were identiﬁed indicates that genetic exchange amongst
genotypes is occurring commonly in Asia and playing a signiﬁcant role in expanding the genetic diversity in
the yellow head complex. This is the ﬁrst evidence of genetic recombination in viruses infecting crustaceans
and has signiﬁcant implications for the pathogenesis of infection and diagnosis of these newly emerging
invertebrate pathogens.Crown Copyright © 2009 Published by Elsevier Inc. All rights reserved.IntroductionThe yellow head complex of nidoviruses comprises yellow head
virus (YHV), gill-associated virus (GAV) and at least four other closely
related genotypes that occur commonly in the giant tiger shrimp
(Penaeus monodon) in the Indo-Paciﬁc region (Walker et al., 2001;
Soowannayan et al., 2003; Wijegoonawardane et al., 2008a). YHV
(designated genotype 1) was ﬁrst reported as the cause of mass
mortalities in shrimp ponds in Thailand in 1990 (Limsuwan,1991) and
has since been reported in other shrimp farming regions in Southeast
and East Asia (Walker et al., 2001). It is a highly virulent pathogen that
can cause total crop loss within several days of the ﬁrst appearance of
disease (Boonyaratpalin et al., 1993; Chantanachookin et al., 1993).ueensland Bioscience Precinct,
a. Fax: +61 3 5227 5400.
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09 Published by Elsevier Inc. All rigGAV (genotype 2) was ﬁrst observed as a persistent low-level
infection in healthy P. monodon shrimp in Australia in 1994 (Spann
et al., 1995). Although far less virulent than YHV, GAV causes
mortalities following experimental infection of shrimp and has been
associated with a slowly progressing disease called mid-crop
mortality syndrome (MCMS) (Spann et al., 1997, 2003; Callinan and
Jiang, 2003). The prevalence of GAV infection in healthy P. monodon in
eastern Australia approaches 100% and it occurs commonly in healthy
shrimp from Vietnam and Thailand (Walker et al., 2001; Wijegoona-
wardane et al., 2008a). The four other known genotypes in the yellow
head complex also occur commonly in healthy P. monodon with a
distribution that extends from Mozambique in the west through
South, Southeast and East Asia (Wijegoonawardane et al., 2008a).
None of these four genotypes has yet been associated with disease.
The yellow head complex viruses are enveloped, rod-shaped, (+)
sense RNAviruses that are classiﬁed as a single species (Gill-associated
virus) in the genus Okavirus, family Roniviridae, order Nidovirales
(Walker et al., 2004). The 26,662 nt YHV genome contains four long
open reading frames (ORFs). ORF1a encodes a large polyproteinhts reserved.
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protease (3CLP) domains (Sittidilokratna et al., 2008). ORF1b overlaps
ORF1a and is expressed only as a result of a (−1) ribosomal frame-
shift at a ‘slippery’ sequence upstream of a predicted pseudoknot
structure in the overlap region. The extended polyprotein (pp1ab)
contains ‘SDD’ RNA-dependent RNA polymerase, helicase, metal-ion-
binding, exonuclease, uridylate-speciﬁc endoribonuclease and ribose-
2′-O-methyl transferase domains of the replication complex (Sittidi-
lokratna et al. 2002, 2008). ORF2 encodes the nucleoprotein (p20)
which is the only polypeptide component of the helical nucleocapsid
(Soowannayan et al., 2003; Sittidilokratna et al., 2006). ORF3 encodes
a polyprotein (pp3) that is processed at signal peptidase type 1
cleavage sites to generate the two virion envelope glycoproteins gp116
and gp64, and an N-terminal triple-membrane-spanning fragment of
unknown function (Jitrapakdee et al., 2003). The 26,235 nt GAV
genome is smaller, primarily due to signiﬁcant deletions in intergenic
regions (IGRs), but shares ∼79% overall nucleotide sequence identity
with YHV (Cowley and Walker, 2002; Sittidilokratna et al., 2008). The
GAV genome organisation is similar to YHV and all identiﬁed
functional domains are preserved, but GAV contains an additional
small open reading frame near the 3′-terminus (ORF4, 83 aa) that may
be expressed at low levels in infected cells (Cowley et al., 2000;
Cowley and Walker, 2002; Cowley et al., 2004a; Cowley and Walker,
2008). Like other nidoviruses, YHV and GAV transcribe a nested set of
3′-coterminal, polyadenylated, genomic and sub-genomic mRNAs
(Cowley et al., 2002; Sittidilokratna et al., 2008). Partial genome
sequence analysis of genotypes 3, 4 and 5 has indicated that they share
a similar genome organisation and transcription strategy and aremore
closely related in sequence to GAV than to YHV (Wijegoonawardane et
al., 2008a).
In this paper, we report evidence of natural, high frequency genetic
recombination between genotypes in the YHV complex and demon-
strate that recombinants can be recovered from mixed experimental
infections of shrimp with YHV and GAV. Partial sequence analysis of
selected recombinant genomes identiﬁed that recombination occursTable 1
Penaeus monodon samples selected for phylogenetic analysis in the ORF1b and ORF3 gene r
Sample code Date of collection Sample origin Life stage
AUS-97-MCMS1 24.04.1997 Queensland, Australia Adult
AUS-00-HL2 2000 Queensland, Australia Adult
IDN-04-H4b 23.01.2004 Indonesia Sub-adult
IDN-04-H7b 23.01.2004 Indonesia Sub-adult
IDN-04-H10b 23.02.2004 Indonesia Sub-adult
IND-02-H5 15.06.2002 Nellore, India PL-14
IND-02-H9 15.06.2002 Nellore, India PL-15
MOZ-04-H9 13.01.2004 Mozambique Brooder
MYS-03-H2b 06.06.2003 Malaysia Sub-adult
MYS-03-H4b 06.06.2003 Malaysia Sub-adult
PHL-03-H8b 02.10.2003 Iloilo, Philippines PL-12
THA-01-D10 2001 Nakorn Pathori, Thailand Juvenile
THA-01-D8 2001 Nakorn Pathori, Thailand Juvenile
THA-03-D29 2003 Chachoengsno, Thailand Juvenile
THA-03-D30 2003 Chachoengsno, Thailand Juvenile
THA-04-H20 28.03.2004 Supanburi, Thailand PL-20
THA-03-HA 2003 Thailand Adult
THA-03-HB 2003 Thailand Adult
THA-03-HG 2003 Thailand Adult
THA-03-SG21 2003 Thailand Sub-adult
TWN-03-H9b 05.07.2003 Taiwan Juvenile
TWN-03-H11b 05.07.2003 Taiwan Juvenile
VNM-02-H258b 01.02.2002 Nha Trang, Vietnam PL-12
VNM-02-H278b 06.03.2002 Hon Chong, Vietnam PL-12
VNM-02-H264 03.03.2002 Ca Na, Vietnam PL-12
VNM-02-H93 04.02.2002 Hon Khoai, Vietnam PL-10
VNM-02-H6 04.02.2002 Vietnam PL
VNM-02-H5 01.04.2002 Vietnam Sub-adult
a Mid-crop mortality syndrome.
b Recombinant genotype.
c Yellow head disease.preferentially at a hotspot near the C-terminus of the ORF1b coding
region, suggesting modular functional separation of the structural and
non-structural domains. This is the ﬁrst evidence of genetic
recombination in viruses infecting shrimp and has signiﬁcant
implications for the pathogenesis of infection and diagnosis of these
newly emerging invertebrate pathogens.
Results
Phylogenetic analyses using ORF1b and ORF3 amplicons
Twenty-eight virus samples (Table 1), representing each of the six
identiﬁed genotypes in the yellow head complex, were selected from a
set of 57 viruses detected previously in shrimp collected from countries
across the Indo-Paciﬁc region (Wijegoonawardane et al., 2008a). Total
RNA extracted from each of the samples was used as a template for RT-
PCR ampliﬁcation of two genomic regions. The ﬁrst (668–671 nt),
located in ORF1b overlapping and immediately downstream of the
helicase domain, was used previously to assign genotypes (Wijegoo-
nawardane et al., 2008a, 2008b). The second region (1287 nt in YHV)
was located in the N-terminal domain of ORF3, extending from a locus
28 nt downstream of the ORF3 initiation codon, to a site beyond the
internal signal peptidase cleavage site at the N-terminus of gp116.
ClustalX multiple alignments of nucleotide sequences obtained from
each region, and corresponding genome sequences of the YHV
(EU487200) and GAV (NC010306) reference strains, were used to
construct neighbour-joining phylogenetic trees (Fig. 1).
Phylogenetic analysis of the ORF1b region (Fig. 1A) identiﬁed six
distinct lineages corresponding to the six genotypes identiﬁed in a
similar analysis of the larger set of 57 viruses reported previously
(Wijegoonawardane et al., 2008a). Genotype 1 comprised ﬁve YHV
isolates collected from disease outbreak ponds in Thailand, including
the Thai YHV reference strain (THA-98-Ref) isolated from Chachoeng-
sao Province, Thailand, in 1998. Genotype 2 included the GAV
reference strain (AUS-96-Ref), a second isolate from a diseaseegions.
Tissues for extraction Health status Genotype ORF1b Genotype ORF3
Gill MCMSa 2 2
Lymphoid organ Healthy 2 2
Muscle Healthy 3 2
Muscle Healthy 3 2
Muscle Healthy 3 2
Whole Healthy 4 4
Whole Healthy 4 4
Gill Healthy 6 6
Pleopod Healthy 3 2
Pleopod Healthy 5 2
Whole Healthy 5 3
Gill Diseasedc 1 1
Gill Diseasedc 1 1
Gill Diseasedc 1 1
Gill Diseasedc 1 1
Whole Healthy 2 2
Gill Healthy 2 2
Gill Healthy 2 2
Gill Healthy 2 2
Gill Slow growth 5 5
Pleopod Healthy 3 2
Pleopod Healthy 3 2
Whole Healthy 3 5
Whole Healthy 3 5
Whole Healthy 3 3
Whole Healthy 3 3
Whole Healthy 2 2
Muscle Healthy 3 3
Fig. 1. Neighbour-joining phylogenetic trees constructed from a ClustalX multiple alignments of (A) a ∼671 nt sequence in the ORF1b gene and (B) a ∼1.25 kb sequence in the ORF3
gene ampliﬁed by RT-nested PCR from 28 yellow head complex viruses and the reference strains of YHV (THA-98-Ref) and GAV (AUS-96-Ref). The countries of origin and virus codes
are described in Table 1. Bootstrap values shown at branch points indicate branching frequency in 1000 replicates. The clustering of isolates into six genetic lineages is indicated and
the 10 isolates that clustered differently in the two analyses are shaded.
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healthy shrimp from Australia, Thailand and Vietnam. The other four
genotypes were detected only in healthy shrimp: genotype 3 included
viruses detected in Vietnam, Taiwan, Indonesia and Malaysia;
genotype 4 was represented by two viruses detected in India;
genotype 5 comprised single viruses from the Philippines, Malaysia
and Thailand that were quite divergent in sequence; genotype 6 was
represented by a single virus from Mozambique.
Phylogenetic analysis of the ORF3 region also segregated the
viruses into six genetic lineages (Fig. 1B). For lineages assigned as
genotypes 1, 4 and 6, isolates clustered as observed using the ORF1b
amplicon. However, in other lineages the isolates clustered differently.
Genotype 2 included the Australian GAV reference isolate (AUS-96-
Ref) and seven other viruses fromAustralia, Thailand and Vietnam and
that clustered in ORF1b as genotype 2, as well as seven viruses that
had previously clustered with viruses assigned to genotype 3 (TWN-
03-H9, TWN-03-H11, IDN-04-H4, IDN-04-H7, IDN-04-H10 and MYS-
03H2) or genotype 5 (MYS-03-H4). Genotype 3 comprised the
remaining three Vietnamese viruses that had clustered in ORF1b as
genotype 3 (VNM-02-H93, VNM-02-H264 and VNM-02-H5), and the
Philippine virus (PHL-03-H8) that had previously clustered as
genotype 5. Genotype 5 comprised the remaining Thai virus that
had clustered in ORF1b as genotype 5 (THA-03-SG21) and two
Vietnamese viruses that had previously clustered as genotype 3
(VNM-02-H258 and VNM-02-H278). In all, 10 viruses clustered
differently in the phylogenies generated using the ORF1b and ORF3
amplicons, representing one-third of all viruses included in the
analysis. They included viruses present in healthy shrimp collected
between 2002 and 2004 from Vietnam, Taiwan, Indonesia, Malaysia
and the Philippines, and represented putative recombinant viruses
involving genotypes 2, 3 and 5.Analysis of natural recombinant genotypes
For three viruses, representing putative recombinant genotypes
3/2 (IDN-04-H10), 3/5 (VNM-02-H258) and 5/3 (PHL-03-H8), the
∼3.2 kb region of the genome between the ORF1b and ORF3
amplicons was ampliﬁed by RT-nested PCR using isolate-speciﬁc
primers, and sequenced. The ∼4.6 kb region including the terminal
ORF1b and ORF3 amplicon sequences was then compared with those
of viruses representing ‘parental’ genotypes 2 (AUS-96-Ref), 3
(VNM-02-H93) and 5 (THA-03-SG21) reported previously (Wije-
goonawardane et al., 2008a). SimPlot nucleotide diversity proﬁles
calculated for short overlapping sequences of the ∼4.6 kb region
conﬁrmed that each isolate had originated through recombination
(Fig. 2). The proﬁles revealed a reversal in sequence similarity
between recombinant and parental genotypes in regions upstream
and downstream of a predicted recombination site near the 3′-
terminus of the ORF1b gene. In the homologous regions, the level of
identity between the recombinants and genotype 2 and 3 viruses
approached 100%. The level of sequence identity in homologous
regions of the ‘parental’ genotype 5 virus and recombinants VNM-
02-H258 and PHL-03-H8 was somewhat lower. This is consistent
with the relatively higher sequence diversity observed amongst
genotype 5 isolates compared to viruses of other genotypes (Fig. 1)
(Wijegoonawardane et al., 2008a).
LARD software was used to predict recombination breakpoints in
putative recombinant viruses VNM-02-H258 and IND-04-H10 and
PHL-03-H8. Mean likelihood ratio (LR) values calculated from 300
simulations using jumbled parental and recombinant sequences to
simulate the null hypothesis of no recombination were compared to
maximum LR values obtained from analyses of the representative
parental and the three recombinant isolates (Table 2). Z-test analysis
Fig. 2. SimPlot (Version 3.5.1) analysis of putative recombinants IDN-04-H10, VNM-02-H258 and PHL-03-H8 with representative parental genotypes 2, 3 and 5. Pair-wise divergence
between the recombinant and each parental virus or between different genotypes over the ∼4.6 kb ORF1b-ORF3 region employed a 350 nt sliding window analysed at 10 nt intervals
and the default Kimura (2-parameter) Distance Model. Percentage identities at each analysis point were plotted on a line chart. The relative positions of the ORF1, ORF2 and ORF3
genes are shown in the ﬁrst panel.
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VNM-02-H258 and IND-04-H10 at the same site (GUU↓AUU) located
28 nt upstream of the ORF1b termination codon. In PHL-03-H8, the
recombination breakpoint was predicted at the sequence (UAU↓AAA)
located 39 nt upstream of the ORF1b stop codon. LARD also indicated
signiﬁcantly higher levels of nucleotide sequence identity between
the putative recombinants and ‘parental’ genotypes in homologous
regions upstream and downstream of the predicted breakpoints
(Table 2). Sequence identity of the recombinants with homologous
regions of the representative genotype 2 and genotype 3 viruses was
in the range 96.2%–98.0%, whereas identity in the non-homologous
regions reﬂected the divergence between genotypes (76.6%–79.3%).
Sequence identity of the recombinants with homologous regions of
the representative genotype 5 virus was lower (90.0%–91.4%), again
reﬂecting the diversity amongst isolates of genotype 5 and indicatingTable 2
Nucleotide sequence identities between recombinant isolates and parental genotypes in reg
values generated using LARD software.
Recombinants Sequence identity upstream (%)a Sequence identity downst
IDN-03-H10
H10: Genotype 3 97.7 79.1
H10: Genotype 2 89.1 97.5
Genotype 3:Genotype 2 88.2 79.3
VNM-02-H258
H258: Genotype 3 98.0 74.3
H258: Genotype 5 82.5 90.0
Genotype 3:Genotype 5 82.1 76.7
PHL-03-H8
H8: Genotype 5 91.4 75.6
H8: Genotype 3 81.9 96.2
Genotype 5:Genotype 3 82.1 76.6
a Gap-less pairwise comparisons of nucleotide sequence upstream of the breakpoint.
b Gap-less pairwise comparisons of the nucleotide sequence downstream of the breakpo
c 300× simulations.that the true parental viruses were signiﬁcantly divergent in
sequence from the representative genotype 5 virus (THA-03-SG21)
used in this analysis.
Exclusion of ‘polymerase-jumping’ artefacts
An experiment was conducted to exclude the possibility that the
putative recombinant genomes were generated as an artefact of
‘polymerase-jumping’ during RT-PCR ampliﬁcation from shrimp
carrying mixed infections with two genotypes. Consensus degenerate
PCR primers targeted to regions conserved amongst putative
recombinants IDN-04-H10 and VNM-02-258, and representative
parental genotype 2 (AUS-00-H11), genotype 3 (VNM-02-H93) and
genotype 5 (THA-03-SG21) viruses, were used to amplify a ∼1.5 kb
region spanning the recombination hotspot at the end of ORF1b.ions upstream and downstream of the recombination site and recombination likelihood






PCR primer pair combinations and genotype speciﬁcity for conﬁrmation of natural
recombinant genotypes IDN-04-H10 and VNM-02-H258.
Primer paira Primer sequence speciﬁcity Amplicon
IDN-04-H10
P11 Geno3-Recom10F Genotype 3+IDN-04-H10 1196 bp
Geno3-Sp-R Genotype 3
P12 Geno2-Sp-F Genotype 2
Geno2-Recom10R Genotype 2+IDN-04-H10
P13 Geno2-Sp-F Genotype 2
Geno3-Sp-R Genotype 3
P14 Geno3-Recom10F Genotype 3+IDN-04-H10
Geno2-Recom10R Genotype 2+IDN-04-H10
VNM-02-H258
P21 Geno3-Recom258F Genotype 3+VNM-02-H258 996 bp
Geno3-Sp-2R Genotype 3
P22 Geno5-Sp-F Genotype 5
Geno5-Recom258R Genotype 5+VNM-02-H258
P23 Geno5-Sp-F Genotype 5
Geno3-Sp-2R Genotype 3
P24 Geno3-Recom258F Genotype 3+VNM-02-H258
Geno5-Recom258R Genotype 5+VNM-02-H258
a Primer codes: genotype (Geno), recombinant (Recom), forward primer (F), reverse
primer (R).
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genotype 5 sequences were then used to amplify internal regions of
∼1.2 kb (genotypes 2 and 3) or ∼1.0 kb (genotypes 3 and 5). The
primer pair combinations and their genotype speciﬁcities are shown
in Table 3. PCR data are shown in Fig. 3. Nested PCR employing a
genotype 3 forward primer and genotype 2 reverse primer ampliﬁed
the expected ∼1.2 kb product only for recombinant IDN-04-H10, andFig. 3. Differential RT-nested PCR ampliﬁcation of the genome region spanning ORF1b-ORF2
and VNM-02-H258. RNA of these recombinants as well as 1:1 RNA mixtures to representativ
(VNM-02-H93:THA-03-SG21) and RNA of each genotype 2, 3 and 5 virus and an uninfected
(Table S1). Differential nested PCR ampliﬁcation of these PCRs was then undertaken using ei
primer permutations P21, P22, P23 and P24 speciﬁc to genotypes 3 and 5 (Tables S1 and S
(Invitrogen).not the 1:1 mixture of genotypes 2 and 3 (Fig. 3A). Similarly, nested
PCR employing a genotype 3 forward primer and a genotype 5 reverse
primer ampliﬁed the expected ∼1.0 kb product only for recombinant
VNM-02-H258, and not the 1:1mixture of genotypes 3 and 5 (Fig. 3B).
The data conﬁrm that the sequences ﬂanking the predicted break-
points were derived from recombinant genotypes.
Recovery of recombinant viruses from experimental infections in shrimp
P. monodon shrimp were infected simultaneously with YHV
(stock inoculum diluted 10−5 or 10−6) and GAV (stock inoculum
diluted 10−1). The dose for each virus was selected to ensure
mortalities occurred within 5–10 days of infection and reﬂected the
much higher virulence of YHV. Moribund shrimp were sampled at
day 9 post-infection from each mixed-infection group and from
control groups infected with YHV or GAV only. Total RNA was
extracted from lymphoid organs and used as a template for RT-PCR
ampliﬁcation of a genomic region spanning the recombination
breakpoints identiﬁed in the natural recombinants. Due to a large
sequence deletion in the ORF1b-ORF2 IGR of GAV and the relative
positions of PCR primers, the region targeted for ampliﬁcation
comprised 419 nt in GAV and 686 nt in YHV. As shown in Fig. 4,
RT-PCR using primers with speciﬁcity for YHV in ORF1b (YHV-
ORF1b-2f) and GAV in ORF2 (GAV-ORF2-2r) ampliﬁed products from
the two co-infected shrimp (AL9 and BL4) tested. Direct sequence
analysis showed that the ∼420 bp product (band 1) obtained from
each shrimp was derived from a YHV/GAV recombinant genome
(Figs. S2A and S2B). In each, the recombination breakpoint was
located at a similar site within a 25 nt segment near to the C-
terminus of ORF1b. Multiple products were ampliﬁed from shrimpand encompassing the recombination hotspot identiﬁed in recombinants IDN-04-H10
e genotype 2 and 3 viruses (AUS-00-HL11:VNM-02-H93) and genotype 3 and 5 viruses
shrimp were ampliﬁed by RT-PCR using the consensus PCR primer pair Con-2F:Con-2R
ther (A) primer permutations P11, P12, P13 and P14 speciﬁc to genotypes 2 and 3 or (B)
2). Ampliﬁed DNA was resolved in a 1% agarose-TAE gel. M=1 kbp PLUS DNA Ladder
Fig. 4. Differential RT-PCR ampliﬁcation of a genome region spanning the C-terminus of
ORF1b to the N-terminus of ORF2 using RNA isolated from shrimp infected with YHV or
GAV alone or co-infected with YHV and GAV (samples AL9 and BL4). PCR utilised the
YHV-speciﬁc and GAV-speciﬁc primer combinations YHV-ORF1b-2f:GAV-ORF2-2r and
GAV-ORF1b-2f:YHV-ORF2-2r (Table S1). Ampliﬁed DNA was resolved in a 2% agarose-
TAE gel. M=BenchTop 100 bp DNA Ladder (Promega). DNA products labelled 1, 2 and 3
obtained with co-infection samples AL9 and BL4 were sequenced.
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(GAV-ORF1b-2f) and YHV in ORF2 (YHV-ORF2-2r) (Fig. 4). Sequence
analysis of the ∼700 bp and ∼480 bp products (BL4-2 and BL4-3)
indicated that they were derived from recombinant genomes with a
GAV/YHV orientation (Figs. S2C and S2D). In product BL4-2, the
recombination breakpoint was located in the same ORF1b region as
identiﬁed in the YHV/GAV recombinants and sequence ambiguities at
multiple sites indicated the likely presence of several similar
recombinant genomes with similar but distinct breakpoints. In
product BL4-3, the breakpoint occurred within a 16 nt region of a
highly conserved domain that contains the transcription regulatory
sequence (TRS) and the 5′-end of the ORF2 mRNA (Cowley et al.,
2002), and its location beyond the YHV sequence insertion accounted
for the smaller amplicon size. The data indicate that recombination
can occur readily in shrimp co-infected with YHV and GAV, involve
different sites, and generate recombinants in either orientation.
Discussion
Based on phylogenetic analyses of sequences ampliﬁed from a
relatively conserved region of the ORF1b gene, we have recently
identiﬁed at least six distinct genotypes in the yellow head complex of
nidoviruses (Wijegoonawardane et al., 2008a). YHV (genotype 1) was
detected only in shrimp from Thailand and Taiwan with typical signs
of yellow head disease. GAV (genotype 2) occurs commonly in healthy
P. monodon in Australia and parts of Southeast Asia, and it has been
associated with a condition called mid-crop mortality syndrome. The
four other genotypes were detected in healthy P. monodon from
Mozambique, India, Thailand, Malaysia, Indonesia, Vietnam, the
Philippines and Taiwan. In this paper, we report evidence of
homologous genetic recombination involving four of the six geno-
types (genotypes 1, 2, 3 and 5). Natural recombinants derived from
genotypes 2, 3 and 5 were detected by their differential clustering in
phylogenetic analyses of sequences ampliﬁed from two distant
regions of the genome, and this was conﬁrmed for several of these
viruses by sequencing and SimPlot analysis of the ∼4.6 kb genomic
region encompassing the two amplicons. Genetic recombination was
also demonstrated experimentally in shrimp co-infected with two of
the genotypes (YHV and GAV) that have been associated with disease
outbreaks in farmed shrimp in Thailand and Australia. This is the ﬁrst
evidence of homologous genetic recombination in viruses infecting
crustaceans.Homologous and non-homologous genetic recombination has
been reported to occur naturally and experimentally in coronaviruses
(Lai et al., 1985; Kusters et al.1990;Wang et al., 1993; Herrewegh et al.,
1995; Woo et al., 2006), toroviruses (Smits et al., 2003) and
arteriviruses (Li et al., 1999; Yuen et al., 1999; Molenkamp et al.,
2000). In experimental co-infections, recombination between cor-
onavirus strains can occur at a frequency as high as 25% (Baric et al.,
1990). Natural recombination in nidoviruses also appears to occur
commonly and to have resulted in gene rearrangements and the
generation of chimeric viruses with ancestors of vastly different
lineages (Luytjes et al., 1988; Snijder et al., 1991; Motokawa et al.,
1995). The data reported here indicate that homologous genetic
recombination between yellow head complex viruses of the Roniviri-
dae can also occur readily, both in experimental co-infections and
naturally. In this study,10 of 30 viruseswere identiﬁed as recombinant
genotypes by comparative phylogenetic analysis. Although the
frequency with which recombinants were generated experimentally
has not yet been assessed, the identiﬁcation of multiple recombinant
genotypes of different conformation in individual moribund shrimp
following co-infection with YHV and GAV indicates that recombina-
tion occurs readily and that at least some recombinant genomes
survive multiple rounds of replication.
The creation and survival of a viable recombinant virus are subject
to many molecular and biological constrains (Worobey and Holmes,
1999). There must be opportunity for co-infection of the host and
simultaneous infection of an individual host cell, replication must
occur at the same intracellular location, template switching must
occur and generate a viable genome, and any viable recombinant virus
must be suitably ﬁt to survive competition from both parental and
other recombinant viruses. The high frequency at which natural
recombinant genotypes were detected in this study indicates that
these requirements are readily met by roniviruses and this may reﬂect
the frequency with which mixed infections occur in shrimp. Yellow
head complex viruses occur very commonly in healthy P. monodon
shrimp throughout their natural distribution range across the Indo-
Paciﬁc (Wijegoonawardane et al., 2008a). The prevalence of GAV
infection in healthy P. monodon postlarvae, juveniles and broodstock
sourced from the wild and from shrimp hatcheries and farms along
the east coast of Australia between 1998 and 2001 was observed to
approach 100% (Walker et al., 2001). A survey conducted in 2000
identiﬁed genotype 3 in 25 of 38 healthy P. monodon broodstock
collected from hatcheries in central Thailand and a survey of ∼200 P.
monodon sampled from across the Indo-Paciﬁc region between 1997
and 2004 detected evidence of ronivirus infection in N25% of the
shrimp (Wijegoonawardane et al., 2008a). Although there has been no
systematic study of the prevalence of natural co-infection with
ronivirus genotypes, co-infection with multiple shrimp viruses
appears to occur commonly (Manivannan et al., 2002; Chayaburakul
et al., 2004; Flegel et al., 2004; Hoa et al., 2005; Natividad et al., 2006).
This is likely a consequence of life-long persistent infections, the
efﬁciency of both vertical and horizontal transmission, the lack of
adaptive immunity in shrimp, and husbandry practices which
commonly mix the progeny of multiple broodstock to seed aqua-
culture ponds (Walker et al., 2001; Johnson et al., 2008; Walker and
Mohan, 2009).
This study detected a high prevalence of naturally-occurring
recombinants, but they were detected exclusively in shrimp collected
from Southeast and East Asia andwere derived only from genotypes 2,
3 and 5. This most likely reﬂects the bias of sample numbers from this
region where these three genotypes are most prevalent (Wijegoona-
wardane et al., 2008a). However, it may also indicate that the natural
course of virus-host co-evolution has been disrupted by the vast
international trade in live shrimp. In Australia, where the importation
of live crustaceans is prohibited, GAV is endemic and occurs at very
high prevalence in P. monodon. No other genotype has been detected
in Australia despite the analysis of very large numbers of shrimp
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populations of other penaeid shrimp species which are susceptible to
experimental infection (Spann et al., 2000; Walker et al., 2001).
Analysis of the limited numbers of samples sourced from India and
Mozambique also suggests geographic isolation of genotypes 4 and 6
in regions where importation of live shrimp for aquaculture is rare
(Wijegoonawardane et al., 2008a). This suggests that P. monodon is
the natural host of GAV and possibly other genotypes and that there
has been long-term co-evolution of the genotypes in this species.
However, contrary to the situation in Australia, India and Mozambi-
que, there has been a proliﬁc trade in live P. monodon amongst
countries in Southeast and East Asia, including the importation of
stock from Australia and elsewhere. This appears to have provided
adequate opportunity for new genotypes to be introduced and mixed
with genotypes endemic to the region.
Although YHV/GAV recombinant viruses were readily generated in
experimental co-infections, no evidence of natural recombination
involving YHVwas found. There are reports that YHV (genotype 1) can
occur as a persistent infection in healthy shrimp (Pasharawipas et al.,
1997; Natividad et al., 2002; de la Rosa-Velez et al., 2006). However, in
the only published prevalence study in which genotypes have been
determined (Wijegoonawardane et al., 2008a), genotype 1 was
detected only in P. monodon from yellow head disease outbreaks in
Thailand and Taiwan. There is no evidence that any other genotype
can cause yellow head disease and, although GAV can cause
mortalities, the LD50 of YHV (10−11.5) determined in bioassays is 106
to 108-fold lower than GAV (Sittidilokratna et al., 2009). This suggests
that YHV may have undergone a recent genetic change that has
substantially elevated its virulence for P. monodon or that it may be
naturally endemic in another, more resistant, penaeid or metapenaeid
shrimp species. If the latter, the opportunity for co-infection involving
YHV and another genotype could be relatively rare. Nevertheless, the
widespread prevalence of infection with other genotypes and the
capability for YHV to recombine experimentally with GAV indicate
that the generation of natural YHV recombinants may be inevitable
and have signiﬁcant consequences for the spread of virulent
genotypes and disease in penaeid shrimp.
Sequence analysis of three of 10 natural recombinant viruses
identiﬁed a likely recombination hotspot just upstream of the C-
terminus of the ORF1b coding region. Recombination hotspots have
been identiﬁed in many animal and plant viruses, including
coronaviruses (Makino et al., 1986; Banner et al., 1990; Jia et al.,
1995; Lee and Jackwood, 2000; van Vugt et al., 2001), bromoviruses
(Nagy et al., 1999) geminiviruses (Monci et al., 2002) and
luteoviruses (Moonan et al., 2000). Although speciﬁc sequence
elements, such as stretches of AU-rich sequence, may enhance
recombination frequency (Shapka and Nagy, 2004), a study of mouse
hepatitis coronavirus has shown that recombination events are
generally random and that hotspots arise as a result of subsequent
selective pressure on the pool of recombinant genomes rather than
elevated site-speciﬁc recombination rates (Banner and Lai, 1991).
Analysis of YHV/GAV recombinants generated experimentally under
conditions in which the selective pressure was relatively limited
identiﬁed recombination breakpoints in a similar genomic region to
the hotspot identiﬁed in natural recombinants (the ORF1b C-
terminus and the downstream IGR). However, as PCR primers used
to detect the experimentally-generated recombinants were inten-
tionally targeted to this region, the possibility that recombination has
occurred with similar frequency in other regions of the genome has
not yet been exhaustively explored. The location of the identiﬁed
hotspot in the natural recombinants is near the junction between the
5′-terminal ORF1a and ORF1b genes encoding non-structural repli-
case proteins and downstream ORF2 and ORF3 genes encoding the
virion structural proteins. Natural selection of such recombinants
may be driven by a need to maintain efﬁcient interactions amongst
these functionally distinct sets of proteins.The ﬁnding that natural recombinants occur commonly in P.
monodon shrimp in Asia presents signiﬁcant practical issues for
genotype assignment and for the detection and management of
viruses that may present signiﬁcant disease risks. As yellow head
complex nidoviruses occur at high prevalence in healthy wild and
cultured shrimp, methods that speciﬁcally detect pathogenic types are
essential for farm-level diagnosis and the containment of trans-
boundary disease spread. These methods are currently based on
detection of YHV and GAV and their discrimination from other ‘non-
pathogenic’ genotypes (Wongteerasupaya et al., 1997; Cowley et al.,
2004b; Wijegoonawardane et al., 2008b). However, observations
presented here that genotype 2 (GAV) and genotype 3 have
recombined naturally with each other and with genotype 5, and
that YHV also has the potential for natural recombination, underline a
need for further research to better understand the molecular basis of
pathogenesis in roniviruses.
Materials and methods
Origin of viruses and shrimp samples
The P. monodon shrimp samples used in this study were selected
from a set of 57 collected between 1997 and 2004 from various sites
across the Indo-Paciﬁc region. Samples comprised pools of postlarvae,
or gill tissue, pleopods or whole heads of juvenile to adult shrimp
(Wijegoonawardane et al., 2008a). Sample details and virus designa-
tions are listed in Table 1. Experimental infections used the
Chachoengsao/1998 reference strain of YHV (THA-98-Ref) and the
Queensland/1996 reference strain of GAV (AUS-96-Ref), the origins of
which have been described previously (Spann et al., 1997; Sittidi-
lokratna et al., 2002).
Experimental co-infections
Experimental infections were conducted in ∼20 g P. monodon
shrimp obtained from a single pond at a commercial farm in
Pathumthani, Thailand. The shrimp were maintained at ambient
temperature (25 °C–28 °C) in artiﬁcial sea water and acclimated for
several days prior to experimental use as described previously
(Sittidilokratna et al., 2009). To conﬁrm the absence of pre-existing
YHV or GAV infection, the batch of shrimp was screened using a
commercial nested RT-PCR test kit (IQ2000, Farming Intelligene
Technology Corp., Taiwan) (Cowley et al., 2004b). Filtered stock
inoculums of YHV and GAV reference strains were prepared as
described previously from the homogenised cephalothoraxes of
infected shrimp (Spann et al., 1997; Sittidilokratna et al., 2002).
Each stock inoculumwas titrated prior to use by inoculating groups of
10 shrimp in individual tanks with 100 μl per shrimp of 10-fold
dilutions of the stock inoculum in lobster hemolymphmedium (LHM).
Co-infections were conducted under the same experimental
conditions in groups of 10 shrimp by injection with (A) GAV diluted
10−1 and YHV diluted 10−5 or (B) GAV diluted GAV 10−1 and YHV
diluted 10−6. Groups were also injected with YHV and GAV alone or
with LHM. At 9–10 days post-injection, infected shrimp became
moribund and were sampled. Lymphoid organ tissue was collected
directly into TRIzol® Reagent (Invitrogen) and stored at −80 °C until
used for RNA extraction.
RNA extraction and cDNA synthesis
Total RNA was extracted from pools of 10–15 postlarvae or from
approximately 10–50 mg shrimp tissue using TRIzol™ Reagent,
quantiﬁed and stored at −80 °C as described previously (Wijegoo-
nawardane et al., 2008a). cDNAwas synthesized using 1.0–3.0 μg RNA
in a 20 μl reaction containing 50 ng random hexamer primers
(Promega), 1 mM each dNTP and 100 U Superscript III reverse
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and stored at −20 °C.
PCR ampliﬁcation and sequence analysis
The ORF1b amplicon
RT-PCRampliﬁcationand sequenceanalysis of a segmentof theORF1b
geneampliconhavebeendescribedpreviously (Wijegoonawardaneet al.,
2008a). The sequences of this 668–671 nt amplicon for a set of 57 viruses,
including the 28 used in this study, have been deposited in GenBank
under accession numbers EU784980–EU785041.
The ORF3 amplicon
Degenerate PCR primers (ORF3-1F-P and ORF3-5R-P) were
designed to amplify a region extending from the IGR upstream of
ORF3 to a locus in ORF3 beyond the signal peptidase cleavage site at
the gp116 N-terminus (Cowley and Walker, 2002; Jitrapakdee et al.,
2003). Primer degeneracy accommodated sequence differences
amongst isolates of YHV (genotype 1), GAV (genotype 2) and
genotypes 3 and 4. Degenerate nested PCR primers (ORF3-2F-N and
ORF3-4R-N) designed to target more conserved sequences were used
to amplify a 1322 nt sequence corresponding to nucleotides 20,991–
22,312 in the YHV genome (GenBank EU487200). The regions
targeted by the PCR and nested PCR primers are shown in Fig. S1.
Primer sequences are listed in Table S1.
In the PCR, 2 μl random-primed cDNA (equivalent to 100–300 ng
total RNA) was ampliﬁed in a 25 μl reaction containing 1× Taq
polymerase buffer (10 mM Tris–HCl pH 9.0, 50 mM KCl, 0.1% Triton
X-100), 3.0 mM 25 mM MgCl2, 17.5 pmoles of each primer, 200 μM μl
of each dNTP and 1.4 U Taq DNA polymerase (Fisher Biotech,
Australia). DNA was ampliﬁed in an iCycler (Bio-Rad) using the
cycling conditions 94 °C/1 min, 35 cycles of 94 °C/30 s, 56 °C/30 s
and 72 °C/90 s, and then 72 °C/7 min. A 2 μl aliquot of the PCR was
ampliﬁed in the nested PCR (25 μl) prepared as above except for the
use of the nested primers. Thermal cycling conditions were the same
except that the extension time was 75 s. DNA was resolved in 0.8%
agarose-TAE gels containing 0.5 μg/ml ethidium bromide to conﬁrm
the expected ∼1300 bp product had been ampliﬁed, puriﬁed using a
QIAquick PCR puriﬁcation column (QIAGEN) and quantiﬁed. Cycle
sequencing used 20–50 ng DNA, ABI Prism BigDye Terminator V3.1
reagent (Applied Biosystems Inc.) and 3.3 pmol of the nested PCR
primers. To obtain complete sequence coverage in both orientations,
additional sequences were generated using internal degenerate
primers ORF3-SF9 and ORF3-SR3 designed to accommodate
sequence variations amongst genotypes 1, 2, 3 and 4. Isolate-speciﬁc
primers ORF3-SF10 and ORF3-SF11 were used to obtain complete
sequences of isolates VNM-02-H258, VNM-02-H278 and THA-03-
D30. Primer sequences are listed in Table S1. Sequence data was
generated at the Australian Genome Research Facility, Brisbane,
Australia and chromatograms were edited using SeqEd 1.0.3 (ABI).
The sequences have been deposited in GenBank under accession
numbers FJ428584–FJ428613.
The region between the ORF1b and ORF3 amplicons
The ∼3.2 kb region between the ORF1b and ORF3 amplicons was
ampliﬁed for putative recombinants IDN-04-H10, VNM-02-H258
and PHL-03-H8, and representative isolates of genotype 3 (VNM-02-
H93) and genotype 5 (THA-03-SG21). PCR and nested PCR utilised
sequence-speciﬁc primers designed to the ORF1b and ORF3 gene
sequences of each virus (Table S1) and the Expand Long Distance
PCR system (Roche Applied Science). In the PCR, 2 μl random-
primed cDNA was ampliﬁed in a 50 μl reaction containing Expand
buffer 3, 3 mM MgCl2, 500 μM each dNTP (Fisher Biotech), 35 pmol
of each primer and 3.75 U Expand enzyme mix. The thermal cycling
conditions were 94 °C/1 min, 10 cycles of 94 °C/25 s, 60 °C/30 s,
68 °C/45–155 s (dependent on the amplicon length), plus 30additional cycles in which the extension time was increased
sequentially by 7 s per cycle, and a ﬁnal extension step of 68 °C/
7 min. For isolate PHL-03-H8, the PCR annealing temperature was
lowered to 53 °C. In the nested PCRs, 2 μl of the PCR was ampliﬁed
using the same conditions. DNA products were puriﬁed using
QIAquick PCR puriﬁcation columns and sequenced in both orienta-
tions as described above using primers listed in Table S1. For
genotype 5 isolate THA-03-SG21, the sequence of the same ∼3.2 kb
region was obtained from a plasmid containing an cDNA insert
ampliﬁed using primers Geno5-F1-P and Geno5-R2-N (Table S1)
and the Superscript II One-Step RT-PCR system (Invitrogen) as
described previously (Wijegoonawardane et al., 2008a). The
sequences have been deposited in GenBank under accession
numbers FJ438530–FJ438532.
The region spanning the recombination breakpoints
To exclude the possibility of polymerase-jumping artefacts during
PCR, an RT-nested PCR designed to amplify a ∼1.0–1.2 kb region
spanning the predicted recombination breakpoints was applied to
putative recombinant viruses andmixtures of viruses representing the
putative parental genotypes. In the PCR, random-primed cDNA was
ampliﬁed using consensus degenerate primers (Con-2F and Con-2R)
targeted to sequences relatively conserved in the ORF1b and ORF3
genes (Table S1). PCRwas conducted in a 25 μl reaction containing 2 μl
random-primed cDNA (equivalent to 100 ng total RNA), 1× Taq
polymerase buffer (10 mM Tris–HCl pH 9.0, 50 mM KCl, 0.1% Triton X-
100), 3 mM MgCl2, 17.5 pmol of each consensus primer, 200 μM each
dNTP and 1.4 U Taq DNA polymerase, using the cycling conditions
94 °C/60 s followed by 35 cycles of 94 °C/30 s, 53 °C/30 s, 72 °C/90 s.
The second step employed nested PCR primer pair combinations P11,
P12, P13 and P14 or combinations P21, P22, P23 and P24 (Table 3). A
1 μl aliquot of the PCR was ampliﬁed in nested PCRs (25 μl) containing
each primer pair combination and using the same cycling conditions
except that the annealing temperature was raised to 62 °C and the
extension time reduced to 75 s. To detect recombinants in shrimp co-
infected experimentally with YHV and GAV, sequence-speciﬁc PCR
primers (Table S1) were designed to non-conserved sequences in the
ORF1b gene (YHV-ORF1b-2f and GAV-ORF1b-2f) and surrounding the
initiation codon of ORF2 (YHV-ORF2-2r and GAV-ORF2-2r). Random-
primed cDNA was ampliﬁed in a 25 μl reaction containing QIAGEN
HotStarTaq Master Mix and 20 μM reciprocal PCR primer pairs using
the cycling conditions 95 °C/15min, 40 cycles of 94 °C/30 s, 58 °C/30 s
and 72 °C/60 s, and then 72 °C/7 min. DNA products were puriﬁed
using QIAquick PCR puriﬁcation columns and sequenced in both
orientations as above using the PCR primers.
Sequence alignments and phylogenetic analyses
ClustalX (1.82) (Thompson et al., 1994) was used to generate
pairwise and multiple alignments of nucleotide sequences which
were displayed using Genedoc 5.2 (http://www.psc.edu/biomed/
gendoc). Phylogenetic relationships were deduced from ClustalX data
ﬁles using the neighbour-joining distance algorithm. Bootstrapping of
tree nodes employed 1000 replicates.
Similarity and breakpoint analyses
SimPlot V3.5.1 (Lole et al., 1999) was used to identify likely
recombination sites. ClustalX alignments of the ∼4.6 kb genome
sequence spanning the ORF1b and ORF3 amplicons were generated
using each of the three putative recombinant viruses and representative
parental genotypes. Pair-wise divergence values plotted in SimPlot line
charts employed a slidingwindowof 350 nt calculated at 10 nt intervals.
Recombination crossover positions or ‘breakpoints’were predicted
from ClustalX multiple sequence alignments using the LARD software
(Holmes et al., 1999) which calculates a mean likelihood ratio (LR)
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sequences to simulate the null hypothesis (no recombination). A
maximum LR value is determined from the values calculated by
random division of the aligned sequences into two regions to
determine which possess the longest tree branch lengths between
the recombinant and each parent. The breakpoint nucleotide is
predicted to that ﬂanked by sequences possessing the highest
maximum LR. To assess whether the recombination model provides
a signiﬁcantly better ﬁt to the data set than the null hypothesis, a Z
test is used to analyse the maximum LR values against a null
distribution of LR values generated using the Monte Carlo simulation
of randomised sequences. Sequences were simulated 300 times using
the maximum-likelihood model parameters and sequence lengths
from the real data using Seq-Gen (Rambaut and Grassly, 1997).
Simulated sequences were then subjected to the same breakpoint
analysis as the real data to produce the distribution of likelihood ratios
expected if no recombination had occurred among them.
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